Background and purpose: The aggregation of α-synuclein (α-syn) is connected to the pathology of Parkinson's disease. Recently, it was shown that prolyl oligopeptidase (PREP) accelerates the aggregation of α-syn in vitro. The aim of this study was to investigate the effects of a PREP inhibitor, KYP-2047, on α-syn aggregation in cell lines overexpressing wild-type or A30P/A53T mutant human α-syn, and in the brains of two A30P α-syn transgenic mouse strains.
Introduction
α-Synuclein (α-syn) is a 140 amino acid sized cytosolic brain protein of the synuclein family. It interacts with membranes and vesicles, and is found also in the nucleus (McLean et al., 2000; Yu et al., 2007; Surguchov 2008) . Several physiological functions have been suggested for α-syn, including synaptic transmission, axonal transport, and the regulation of dopamine release (for reviews, see Surguchov 2008; Bisaglia et al., 2009) .
Insoluble fibrillar inclusions of α-syn have been identified as the main component of Lewy bodies in Parkinson's disease (PD) and Lewy body dementia, concomitant with neuronal death and clinical symptoms (Spillantini et al., 1997; Arima et al., 1998; Surguchov 2008) . Further clinical evidence for the importance of α-syn in PD is derived from mutations in the α-syn gene. Duplication or triplication, or three missense mutations in the α-syn gene, producing the changes A30P, A53T and E46K in the protein, have been identified as the cause of early-onset autosomal dominant familial PD (Polymeropoulos et al., 1997; Kruger et al., 1998; Singleton et al., 2003; Ibanez et al., 2004; Singleton et al., 2004; Zarranz et al., 2004) .
The aggregation of α-syn is a nucleation-dependent polymerization process (Wood et al., 1999) .
Several factors increasing the nucleation and aggregation of α-syn have been identified, including oxidative stress, low pH, increased ionic strength and defects in protein trafficking and processing (Uversky et al., 2001; Cooper et al., 2006; Kim et al., 2008) . Recently, it was shown that enzymes of the FK506 binding protein family increase the aggregation of α-syn in vitro and in vivo Gerard et al., 2010; Deleersnijder et al., 2011) . Moreover, a serine protease, prolyl oligopeptidase (PREP; POP; PO; EC 3.4.21.26), accelerates and increases the aggregation of wildtype (WT) α-syn under cell-free conditions, possibly by increasing the nucleation rate Lambeir 2011) . Interestingly, this action can be blocked by PREP inhibitors or by PREP active site mutation.
PREP is present in different species and, in mammals, it is widely distributed in the tissues, hydrolyzing bioactive peptides of less than 30 amino acids at the carboxyl side of proline residue (for review, see Garcia-Horsman et al., 2007) . Alterations in PREP enzyme activity have been measured in several diseases, including PD and Lewy body dementia (Mantle et al., 1996) . These findings combined with earlier reports of anti-amnesic effects (Yoshimoto et al., 1987) have served as the rationale for developing PREP inhibitors to combat neurodegenerative diseases via restoring low neuropeptide levels. Several potent substrate-like PREP inhibitors have been developed, and extensively characterized. Although some beneficial effects in animal memory models (Yoshimoto et al., 1987; Toide et al., 1997; Shishido et al., 1998) and in senescence accelerated mice (Kato et al., 1997) have been reported, the in vivo results of PREP inhibitors are rather controversial (for review, see Männistö et al., 2007) . Recent studies have suggested that PREP has other actions beyond its peptidase activity, relying on protein-protein interactions Di Daniel et al., 2009; Myöhänen et al., 2010a) .
To further clarify the role of PREP in α-syn aggregation, we tested the effect of a PREP inhibitor on α-syn aggregation in vitro, in several cell lines overexpressing different forms of α-syn, and in vivo, in two mouse strains overexpressing α-syn with the pathogenic A30P mutation. As a conclusion, in this study we have revealed that a PREP inhibitor, KYP-2047 (4-phenylbutanoyl-Lprolyl-2(S)-cyanopyrrolidine), is effective in preventing the formation of α-syn aggregates in α-syn overexpressing cell lines, possibly via abolishing the colocalization between PREP and α-syn.
Moreover, KYP-2047 accelerates the clearance of α-syn aggregates after oxidative stress in cells, and reduces the soluble and insoluble α-syn protein levels in overexpressing cellular and in vivo models. Further, based on these results, it can be hypothesized that besides nucleation, PREP may influence on α-syn aggregation process with some other mechanisms, e.g. by affecting aggresomal processing of misfolding proteins.
METHODS

Chemicals
Chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise specified in the text. The PREP inhibitor, KYP-2047, was synthesized as previously described (Jarho et al., 2004) . KYP-2047 was chosen as a reference compound since the biochemical and pharmacological data indicate it is potent and selective, that it enters SH-SY5Y cells in culture and crosses the blood-brain barrier effectively in rodents (Jarho et al., 2004; Venäläinen et al., 2006; Jalkanen et al., 2007; Jalkanen et al., 2011) . The drug/molecular target nomenclature conforms to BJP's Guide to Receptors and Channels (Alexander et al., 2009) 
Antibodies
Commercial antibodies were chosen carefully taking into account that the manufacturer provided a proof of quality based on publications in which the production and specificity of the antibodies have been properly validated. See details and dilutions of primary antibodies in Table 1 .
Cell lines
WT SH-SY5Y human neuroblastoma cell line was purchased from ATCC (LGC Standards;
Product # CRL-2266, Middlesex, UK). Cells were cultured with Dulbecco's modified eagle medium (DMEM-Glutamax, Product# 31966-021; Invitrogen/Gibco, Paisley, UK) containing 15% fetal bovine serum (FBS, Product# 16000-044; Invitrogen/Gibco), 1% non-essential amino acids (NEAA, Product# 11140; Invitrogen/Gibco) and 50 µg/ml Gentamycin (Product# 15750-094; Invitrogen/Gibco).
Stable cell lines expressing WT, A30P and A53T a-syn were generated using a lentiviral vector as described in Gerard et al., (2010) and transfected cells were selected by puromycin resistance. αsyn overexpressing cells were cultured with DMEM-Glutamax (Invitrogen/Gibco) containing 15% FBS (Invitrogen/Gibco), 1% NEAA (Invitrogen/Gibco), 50 µg/ml gentamycin (Invitrogen/Gibco) and 1 µg/ml puromycin (Invitrogen/Gibco). Cell lines were used at passages 3 to 15 and grown at 37°C and 5% CO 2 in a humidified atmosphere.
Induction of α-synuclein aggregation by oxidative stress and the effect of KYP-2047
Cells were seeded in 12-well-plates or T25-flasks and allowed to grow overnight. The number of cells was assay dependent (see amounts below). Thereafter, the aggregation process of α-syn was induced by adding 100 µM H 2 O 2 and 10 mM FeCl 2 in cell culturing medium for 3 days as described (Gerard et al., 2010) . The following groups were formed to test the effects of KYP-2047 on α-syn aggregation in cells : 1) Oxidative stress 3 days with 0.001% DMSO (Stress 3d with veh); 2) Oxidative stress 3 days with 1 µM KYP-2047 in 0.001% DMSO (Stress 3d with KYP); 3) medium 3 days (negative control); 4) 1 µM KYP-2047 in 0.001% DMSO 3 days (KYP 3d); 5) 0.001% DMSO 3 days (Veh 3d); 6) Oxidative stress 3 days (Stress 3d). The concentration-response of KYP-2047 was tested with various concentrations (1 nM, 1 µM, 10 µM and 100 µM) in Stress 3d experiments for A30P and A53T cell lines.
To test if the outcome is dependent on antioxidant effects of KYP-2047 during the induction of oxidative stress, an experiment was performed where KYP-2047 and vehicle/medium control were added for 1 day following the 3 days of oxidative stress with the same concentrations as in the Stress 3d experiment described above.
Cell immunofluorescence
The effect of oxidative stress and KYP-2047 on α-syn aggregation in cells was studied using immunofluorescence by a modification of the protocol by Gerard et al. (2010) . Briefly, cells were seeded in 12 well-plates with coverslips (Nunc, Roskilde, Denmark) at a density of 500,000 cells/ml and allowed to grow in medium for 24 h. Thereafter, the aggregation of α-syn was induced by oxidative stress as described above. After treatment and fixation of the cells with 4% paraformaldehyde solution, unspecific binding was blocked by incubation of 30 min with 10% Normal Goat Serum for α-syn (NGS, Product# S-1000; Vector Laboratories, Burlinge, CA, USA) and with 10% Normal Rabbit Serum for PREP (NRS, Product# S-5000; Vector Laboratories) in PBS, pH 7.4. Primary antibodies were added (see Table 1 ) and incubated overnight at room temperature. After washing with PBS, 2 h incubation with secondary antibody followed. (1:500 goat anti-mouse fluorescein conjugated for α-syn, Product# 31966, Thermo Fisher Scientific; 1:500 rabbit anti-chicken Texas Red conjugated for PREP, Product# ab6751, AbCam) Wavelengths for fluorescein were 494 nm (excitation) and 512 (emission), and for Texas Red 596 nm and 620 nm, respectively. The coverslips were mounted on slides using Vectashield with 4',6-diamidino-2phenylindole (DAPI) (Product# H-1200, Vector Laboratories) as a nuclear marker (wavelengths 358 nm (excitation) and 461 nm (emission)). Control stainings for the immunofluorescence protocol were carried out by omission of primary antibody. No evidence of any staining was observed in these negative controls (data not shown).
Immunofluorescence photomicrographs were captured by a digital camera connected to a microscope (Olympus BX61 microscope and DP40 Digital Camera, Olympus Corporation, Tokyo, Japan). Part of the sections were photographed using Leica TCS SP2 AOBS (Leica Microsystems Inc.) equipped with an argon-He/Ne laser mounted on an inverted Leica DM IRE2 microscope (Leica Microsystems Inc.) . Minor corrections to brightness and contrast were made with Adobe Photoshop CS2 software (version 9.0, Adobe Systems Incorporated, Mountain View, CA, USA).
α-syn fractionation and Western blotting (WB)
To separate soluble and insoluble fractions of α-syn, the method described in Feng et al., (2010) was used. Briefly, 1*10 6 cells were seeded to T-25 flasks, and oxidative stress and study groups were prepared as described above. Cells were first lysed and mechanically homogenized on ice in modified RIPA buffer (50 mM Tris HCl pH 7.4, 1% NP-40, 0.25% sodium deoxycholate, 150 mM NaCl) with protease inhibitor cocktail (Product# P8340), phenylmethanesulfonyl fluoride (PMSF, Product# P7626) and Halt Phosphatase Inhibitor (Product# 87786, Thermo Fisher Scientific). After centrifuging at 13,300 rpm for 15 minutes at 4°C, supernatants (soluble fraction) were collected.
Pellets were resuspended in denaturing sample buffer (62.5 mM Tris-HCl pH 6.8, 2% sodium dodecyl sulfate, 10% glycerol, 5% beta-mercaptoethanol and 0.001% bromophenol blue), boiled for 5 minutes and centrifuged as above for 1 minute. This fraction contained SDS-soluble monomers and oligomers of α-syn, and also SDS-resistant high molecular weight oligomers and aggregates.
Protein levels were measured by using the method of Bradford (1976) , and lysates were loaded on SDS-gel (12%) with equal protein amounts. Standard transfer and blocking techniques were used.
For details of primary antibodies for α-syn, see Table 1 . Horse anti-mouse HRP (dilution 1:2000 in 2% milk in TTBS (0.05% Tween20-TBS); Product #7076, Cell Signalling Technology, Danvers, MA, USA) was used as secondary antibody. The images were captured using GeneGnome (Syngene, Cambridge, UK). Three independent WB experiments were performed. The levels of PREP in cell lines and brains of A30P transgenic mice were quantified by WB, modified from Myöhänen et al., (2008b) . The cells were homogenized as described above, tissues were homogenized in five volumes of assay buffer (0.1 M Na-K-phosphate buffer, pH 7.0), and the tissue homogenates were centrifuged at 16,000g, 4°C, for 20 min discarding the pellet. Standard SDS-PAGE (12%), transfer and blocking techniques were used, and β-actin served as the loading control. For details of primary antibodies for PREP and β-actin, see Table 1 . For the α-syn and βactin WB, goat anti-mouse secondary antibody with HRP conjugate (Product #31430, Thermo Fisher Scientific; dilution 1:5000 in 1% milk in TTBS was used. To detect PREP from cells and mice brain, rabbit anti-chicken HRP secondary antibody (Product #31401, Thermo Fisher Scientific; dilution 1:5000 in 1% milk in TTBS) was used. The images were captured using OptiGo (Isogen Life Sciences, De Meern, Netherlands). Three independent WB experiments were performed.
Thioflavin S staining
Thioflavin S staining of amyloid-type fibrils with beta structure was used as described earlier (Gerard et al., 2010) . Thioflavin S is a commonly used self-fluorescent marker of amyloid-type protein structure that binds also to α-syn aggregates (Conway et al., 2000) . Briefly, cells were fixed for 15 min in 4% paraformaldehyde. After two PBS washes, cells were incubated with 0.05% Thioflavin S (Product# T1892) for 20 min, washed 2x5 min in 80% ethanol and 1x5 min in PBS, and covered with mounting medium (Vectashield; Product# H-1000, Vector Laboratories).
Wavelengths for thioflavin S were 430 nm (excitation) and 550 nm (emission). Thioflavin S stained cells were photographed using a fluorescence microscope as described above.
Double-label immunofluorescence
Double-label immunofluorescence for α-syn and PREP markers was performed by modifying the protocol described earlier (Myöhänen et al., 2008a) . Briefly, after the α-syn staining, the slides were washed with PBS or TBS 3x5 min, incubated with 10% RBS, and thereafter PREP staining was done as described above (see antibodies in Table 1 ). Fluorescent double-labelled sections were photographed using an inverted microscope with laser scanning confocal device as described above, and the red channel was converted to magenta using Adobe Photoshop CS2 software (version 9.0, Adobe Systems Incorporated).
Cell calculations
The percentages of cells with cytosolic α-syn inclusions from immunofluorescence and thioflavin S stainings were calculated with Stereo Investigator software attached to Olympus BX61 microscope and DP40 Digital Camera (MBF Bioscience, Williston, VT, USA) by using the optical fractionator method (Lindholm et al., 2007) Colocalization percentages between PREP and α-syn were calculated as described (Myöhänen et al., 2008a) without Abercrombie's correction since the cells grew in the monolayer. The colocalization percentage for each condition was calculated from 3 different experiments, each with two or three wells per condition and with 60-150 cells for each coverslip α-syn mRNA transcription levels Cells were grown in flasks and exposed to oxidative stress as described above. After 3 days , the cells were homogenized and the total RNA was extracted with Aurum Total RNA Mini Kit (Bio-Rad, Hercules, CA, USA) which includes DNase treatment. Reverse transcriptase reaction was done on 100 ng of RNA in standard conditions using iScrpt™ cDNA Synthesis kit (Bio-Rad). PCR was performed with primers designed to amplify a fragment of α-syn cDNA (forward, AGG ACT TTC AAA GGC CAA GG; reverse. TCC TCC AAC ATT TGT CAC TTG C) or β-actin cDNA (forward.
TCA CCA TGG ATG ATG ATA TCG CC; reverse. CCACAC GCA GCT CAT TGT AGA AGG), using iQ™ SYBR® Green Supermix (Bio-Rad).
After optimization of PCR conditions, amplification efficiency was evaluated for both α-syn and β-actin primers using four consecutive 10-fold dilutions of the cDNA. Determination was done in triplicate. The fold change of expression of α-syn, with respect to β-actin, is reported as -2 ΔΔC(t) .
PREP enzyme activity measurements
In the cellular activity assays, the cells were seeded in T25-flasks at a density of 10 6 cells/flask and, after 1 day incubation, were exposed to oxidative stress following the experimental set-up described above (6 groups). After 3 days, the cells were homogenized with lysis buffer (50 mM KH 2 PO 4 , 1.5 mM MgCl 2 , 10 mM NaCl, 1mM EDTA; pH 7.4). Cell homogenates were centrifuged 16,000 g for 10 min in +4 °C, the supernatant was recovered and stored at -80 °C until use. PREP activity was measured from supernatants using Z-Gly-Pro-aminomethylcoumarine (AMC) substrate as described earlier (Moreno-Baylach et al., 2008; Myöhänen et al., 2008b) . Total protein amounts were measured using the method of Bradford (Bradford 1976 ). All activity measurements were made in triplicate. The cell homogenates were also used in Western blot experiments. The same PREP activity assay was used also for mouse brain homogenates (see preparation below).
Cell viability
To assess the cell viability under oxidative stress, and the effect of KYP-2047 thereon, the LDH release assay, was used as described by Talman et al. (2011) . Moreover, the effect of different dilutions of oxidative stress medium (see above; 100%, 75% and 50%) on cell viability and the effect of KYP-2047 thereon were studied. In case of negative values in LDH assay, these values were set as 0% and other values were proportioned to this.
Animals and tissue preparation
As α-syn mouse model, we used Thy1-A30P-α-syn transgenic mice, where human A30P α-syn overexpression is driven by the Thy1 promoter as reported before (Kahle et al., 2000) . This transgenic mouse strain develops α-synucleinopathy in several brain regions, age-dependent cognitive decline after 12 months and progressive deterioration of locomotor function (Neumann et al., 2002; Freichel et al., 2007) . Thy1-A30P-α-syn transgenic mice (16 males, weight 32-38 g, aged 59-72 weeks) and 13 WT control mice (C57BL/6 6JRccHsd, weigh 30-45 g, aged 62-68 weeks)
were maintained under a 12:12 h light/dark cycle at temperature of 20-22°C. Food and water were available ad libitum. All animal procedures were conducted according to the Council of Europe (directive 86/609) guidelines, and approved by the Animal Ethics Committee of the University of Antwerp. The second A30P-α-syn transgenic mouse and the experiments performed on this strain are described in supplementary material.
Tissue processing for IHC and Western blot (WB) were performed by protocols described earlier (Myöhänen et al., 2008a; Myöhänen et al., 2008b) . Briefly, animals were anesthetized with an overdose of pentobarbital (100 mg/kg; Orion Corporation, Espoo, Finland), and then perfused transcardially with PBS. The brains were then removed and dissected in two hemispheres; one hemisphere was fixed for IHC (4 + 18 h in 4% PFA) and the other one was frozen for WB analysis.
Fixation, sectioning and homogenization were done as described earlier (Myöhänen et al., 2008b) .
Treatment of A30P transgenic mice with a PREP inhibitor
A30P transgenic mice were separated in two groups, a group treated with KYP-2047 (n = 7) and a vehicle group (n = 6). KYP-2047 (1 mg/ml) in saline containing 0.5% DMSO was injected intraperitoneally (i.p., 3 mg/kg) twice a day (12/12 h) for 5 days. The vehicle group received the same treatment but with omission of KYP-2047 (same volume of 0.5% DMSO in saline). After 5 days of injections, the animals were sacrificed and tissues were removed as described above.
Immunohistochemistry (IHC)
IHC for the detection of α-syn in the mouse brain was performed by modifying the protocol described in Myöhänen et al., (2010b) . Briefly, the endogenous peroxidase activity was inactivated with 10% methanol and 3% H 2 O 2 in Tris-buffered saline (TBS; pH 7.4) for 10 min, and nonspecific binding was blocked with MOM Basic kit (Product BMK-2202, Vector laboratories, Burlingame, CA, USA) in TBS. The sections were incubated overnight at room temperature with αsyn antibody (Table 1) , followed by washing with PBS. The slides were then incubated with goat anti-mouse HRP conjugated secondary antibody (Product #31430, Thermo Fisher Scientific; dilution 1:500 in TBS). The brown colour was developed with 0.05% 3,3'-diaminobenzidine and 0.03% hydrogen peroxide in TBS. Finally, the sections were transferred to objective glasses, dehydrated in alcohol series and mounted with Depex (BDH, Poole, UK). Slides were photographed and processed as described above.
In double-label immunofluorescence of PREP and α-syn, the protocol described in Myöhänen et al., (2008a) was used. Briefly, free-floating sections were washed with PBS, and thereafter the double-label staining was carried out similarly as cells (see above).
Semiquantitative analysis of optical density
Immunohistochemically processed sections were photographed and the optical densities (OD) of the striatum, primary motor cortex and substantia nigra were analyzed using the line analysis tool of AnalySISpro software (version 5.0, Olympus Soft Imaging Solutions GmBH) as described in Lindholm et al. (2007) . The background values of each brain area (background obtained by control staining without primary antibody) were subtracted from raw data values of the same brain area.
Altogether 15-20 samples of each brain area/staining from 3 different experiments were analyzed, and then the average and SEM of the values were calculated. OD-values of the WB images were analysed using the free-hand tool of QuantityOne-software (version 4.6.9, Bio-Rad) as described earlier (Myöhänen et al., 2007) . The bands in WB were quantified taking into account the OD (intensity) and the area of the band. When measuring the SDS-insoluble fractions of α-syn WB, the value of non-stressed wild-type cells was used as background that was subtracted from the value. In other WB analysis, after subtracting the background of the gel, the OD values were proportioned to the values of the loading control, and this value was considered indicative of the protein amounts.
The averages and SEM of optical densities from each area were calculated.
Statistical analysis
Statistical analyses were performed using GraphPad Prism (version 5.0, GraphPad Software, Inc., San Diego, CA, USA). To detect difference between the groups in α-syn immunofluorescence, thioflavin S staining and cellular PREP enzyme activities, two-way ANOVA with Bonferroni posttest was used. Differences in α-syn OD values from animal IHC experiments were calculated with two-way ANOVA and Bonferroni post-test. Two-tailed Student t-test was used to assess the differences in cellular and animal WB results. Statistically significant differences were considered at P < 0.05.
RESULTS
Cell culture studies: KYP-2047 reduces α-synuclein immunoreactivity and aggregation in cells exposed to oxidative stress α-syn immunofluorescence: The aggregation of α-syn was induced by oxidative stress (Stress 3d) in three stable SH-SY5Y cell lines overexpressing human WT, mutated A30P or A53T α-syn. The oxidative stress treatment with or without vehicle increased the percentage of cells with clearly elevated immunoreactive α-syn from control level (12% (A30P cells) -26 % (WT α-syn)) up to 38% (A30P cells) -48% (WT α-syn) ( Fig. 1A -C, J). Vehicle (0.001% DMSO) or KYP-2047 incubation alone did not affect the number of cells with α-syn immunoreactivity (Fig. 1J ). KYP-2047 significantly reduced the number of cells with immunoreactive α-syn both when present together with the oxidative stress (Stress 3 days with KYP; P<0.001 in all cell lines; Fig. 1D -F, J) or when incubated for one day after the oxidative stress treatment (Stress 3 days + 1 day KYP;
P<0.001 in all cell lines; Fig. S1A in supplementary material) when compared to vehicle (Stress 3d with veh; Fig. 1A -C, J) in all α-syn overexpressing cell lines. Only minor α-syn immunoreactivity was seen in non-stressed cells with the antibody used in this study ( Fig. 1G-I) .
The effect of increasing concentrations of KYP-2047 (1 nM -100 µM) on α-syn immunoreactivity was studied during the Stress 3d treatment of A30P and A53T cells. 1 nM of KYP-2047 in the culture medium did not cause any significant change in the number of cells with high α-syn immunoreactivity (Fig. S1B in supplementary material) . At higher KYP-2047 concentrations, the number of cells with α-syn immunoreactivity was significantly reduced compared to Stress 3d with vehicle group (P<0.001; Fig. S1B in supplementary material) .
Soluble and insoluble α-syn protein levels detected by WB: WB experiments of soluble and
insoluble fractions of α-syn were performed to correlate the results obtained from the immunocytochemical analysis of all experimental conditions. A30P cells were used as a reference in WB experiments. Stress 3d treatment with vehicle reduced the levels of soluble α-syn, and the amount of SDS-soluble monomers, but increased the amount of high-molecular-weight SDSinsoluble oligomers ( Fig. 2A-D) . The increase was not significant compared to non-stressed overexpressing cells, and the overexpression of A30P[α-syn] itself gave rise to some highmolecular-weight SDS-insoluble oligomers ( Fig. 2A, C) . However, the oxidative stress changed the pattern of high-molecular-weight bands that were accentuated ( Fig. 2A) . This was also seen as changing in staining pattern of cell immunohistochemistry (Fig. 1) . Importantly, KYP-2047 incubation during the stress significantly reduced the levels of high-molecular-weight SDSinsoluble α-syn oligomers when administered with the oxidative stress ( Fig. 2A, C; P<0 .05 compared to Stress 3d with vehicle). KYP-2047 incubation without the stress decreased slightly (not significantly) SDS-soluble monomers (Fig. 2) but had no effect on soluble α-syn levels ( Fig.   2A-B, D) . Moreover, oxidative stress itself clearly decreased the levels of SDS-soluble α-syn monomers and slightly the levels of soluble α-syn ( Fig. 2A, B, D) . In non-stressed and nonoverexpressing WT cells, hardly any SDS-soluble monomers or high-molecular-weight SDSinsoluble oligomers were seen ( Fig. 2A) .
Thioflavin S staining as a marker of α-syn aggregation: The results obtained by immunohistochemistry and WB experiments were confirmed by the appearance of thioflavin S (a specific marker for β-sheet structures) positive cells in the same conditions ( Fig. 3A-C) . In all cell lines, Thioflavin S staining was also significantly reduced by addition of KYP-2047 ( Fig. 3D-G) , supporting the IHC and WB results. α-syn mRNA transcription levels: To clarify whether oxidative stress or PREP inhibitor have an effect on α-syn mRNA levels and protein transcription, a quantitative rtPCR experiment was performed for A30P cells. No changes in α-syn mRNA levels were detected in any condition tested (Table 2) .
Colocalization of α-syn with PREP:
We investigated potential colocalization of a-syn with PREP in all α-syn overexpressing cells by double-label immunofluorescence and confocal microscopy.
PREP and α-syn partially colocalized when α-syn aggregation was induced by the Stress 3d treatment with vehicle ( Fig. 4A-C) . However, after incubation with KYP-2047, the observed colocalization was lost ( Fig. 4D-E) . KYP-2047 treatment did not affect the localization or amount of immunoreactive PREP (Fig. S2B in supplementary material) , although some colocalization may have been lost due to the reduced amount of high-molecular-weight SDS-insoluble oligomers and SDS-soluble monomers as detected by WB ( Fig. 2A-C) . However, there was also a decrease of the PREP protein amounts due the oxidative stress, but not due the KYP-2047 incubation ( Fig. S2B in supplementary material). In non-stressed cells, only minor colocalization was seen ( Fig. 2B and Fig. 4G-I; Table 3 ). Since 1) the levels of soluble α-syn and SDS-soluble monomers were higher in nonstressed than stressed cells (Fig. 2C) , and we detected 2) increased amount of high-molecularweight SDS-insoluble α-syn and 3) increased colocalization between PREP and α-syn due the oxidative stress ( Fig. 4A-C) , our interpretation is that PREP colocalizes with α-syn aggregates ( Fig.   1 and 4) . The colocalization percentage in Stress 3d with vehicle varied between 24 % (A53T) and 42 % (WT α-syn). After KYP-2047 treatment, the percentages were 18-22% (Table 3 ). The colocalization percentages correlated with the amount of cells with α-syn inclusions ( Fig. 1 and 3) .
PREP enzyme activity:
There was no significant difference in the PREP enzyme activities between the A30P, A53T or WT α-syn overexpressing cells and normal SH-SY5Y cells (Fig. S2A in supplementary material). 1 µM KYP-2047 drastically reduced the PREP activity in the cells during exposure to Stress 3d ( Fig. S2A in supplementary material) . The oxidative agents used slightly reduced PREP activity but this reduction was not statistically significant ( Fig. S2A in supplementary material). This minor inhibition may be due to the fact that residual Fe 2+ ions from the culture medium inhibit PREP (Cunningham and O'Connor 1998) .
Cell viability:
To detect the effect of oxidative stress and PREP inhibition on cell viability of the A30P and A53T overexpressing cell lines and wild-type cells, standard LDH release assay was used. Moreover, to study the effect of oxidative stress on cell viability, we induced the aggregation of α-syn using 50%, 75% and 100% concentrations of oxidative stress medium. In the LDH cell viability assay, measuring the membrane integrity of the cells, KYP-2047 treatment reduced cell death in α-syn overexpressing cell lines compared to vehicle in all stress groups (Fig. 5A-C) . The most significant differences were seen at 50% stress medium, but there was a significant difference also in 100% group (A53T cells; Fig. 5B ). In non-overexpressing WT cells, the difference between vehicle and KYP-2047 was not visible (Fig. 5C ), suggesting that the protective effect of KYP-2047 is related to α-syn overexpression. In 3-day KYP or vehicle incubations without oxidative stress, no clear differences in cell viability were observed ( Fig. S3 in supplementary material) .
Animal studies: The effects of KYP-2047 in the brain of A30P α-syn transgenic mice α-syn IHC and WB: To confirm the in vitro and cellular effects of KYP-2047 on α-syn aggregation, we tested the effect of a 5-day treatment on the amount of α-syn immunoreactive and soluble protein levels in the brain of old Thy1-A30P-α-syn transgenic mice (Freichel et al., 2007) .
Even this short exposure of KYP-2047 (3 mg/kg i.p. twice a day) significantly reduced the amount of α-syn protein in the A30P α-syn mice in all the brain areas analyzed (IHC), and in the wholebrain homogenates (WB) compared to vehicle treatment ( Fig. 6A-M; Fig. S6A -B in supplementary material; WB, P<0.01 (mouse and human α-syn) and P<0.05 (human α-syn); IHC, 0.05<P<0.001).
Antibodies recognizing both human and mouse α-syn or only human α-syn showed similar effect ( Fig. 6J-M) , but the effect of the latter was more pronounced in the IHC analysis ( Fig. 6K and 6M ).
We also tested if the effect of KYP-2047 on the amount of the α-syn immunoreactivity/protein is dependent on the specific type of the α-syn mouse model, and performed the same experiment with a different A30P transgenic mouse strain where A30P α-syn is under the control of a prion promoter (see details in Supplementary material and Yavich et al., (2005) ). The results in both mice strains were similar; a 5-day exposure of KYP-2047 (3 mg/kg) reduced the amount of α-syn to the levels found in the substantia nigra, striatum and motor cortex of the WT animals when analyzed with IHC (see details and Fig. S4 in supplementary material) .
Colocalization of PREP with αsyn: Similar to the results of cellular studies, colocalization between α-syn and PREP was seen in the vehicle-treated transgenic mouse striatum (Fig. 7A ) and substantia nigra pars compacta (Fig. 7C) . After a 5-day KYP-2047 treatment, the colocalization clearly reduced (Fig. 7B and D) , pointing to the ability of the PREP inhibitor to interfere with the interaction between α-syn and PREP also in vivo. However, some colocalization may have lost due to the reduced α-syn protein levels ( Fig. 6A-M) . Practically no colocalization was seen in the substantia nigra of a wild-type animal (Fig. 7E) .
PREP protein levels and PREP activity:
A 5-day KYP-2047 treatment (3 mg/kg i.p., twice a day) did not alter the amount of PREP protein amount assayed by WB in whole brains of A30P transgenic mouse ( Fig. S5A in supplementary material) . Moreover, KYP-2047 treatment did not significantly reduce the overall protein amounts in brain assayed by beta-actin WB of whole brain homogenate ( Fig. S5B in supplementary material ). There were also no statistical differences in PREP activity between A30P transgenic and WT mice measured from various brain areas ( Fig. S5C in supplementary material).
DISCUSSION AND CONCLUSIONS
To our knowledge, and based on this study it is the first time that a PREP inhibitor, KYP-2047, has been shown to reduce α-syn aggregation in cellular and animal models of Parkinson's disease.
In the A30P α-syn overexpressing cells in culture, the PREP inhibitor reduced high-molecularweight SDS-insoluble forms of α-syn induced by oxidative stress. In the A30P transgenic mouse models, this reduction was also accompanied by a decrease in the amount of soluble α-syn in the brain.
Studies with cells in culture suggest that, when the α-syn aggregation process has been triggered by oxidative stress, the active site of PREP needs to be free to promote the aggregation, although PREP does not act as a trigger itself -this would cause a drop in the baseline of cells with overexpression upon inhibitor treatment. We have shown reliably that, under oxidative stress, a 3day KYP-2047 incubation can reduce the amount of α-syn immunoreactivity and high-molecularweight SDS-insoluble α-syn protein levels in α-syn overexpressing cells. Moreover, KYP-2047 treatment reduced β-sheet structure-containing cells revealed by Thioflavin S staining, pointing that KYP-2047 affects also α-syn aggregates. At least in the cell cultures, the reduction of α-syn level is not the result of the changes in transcription, and in α-syn overexpressing cells, PREP inhibition seems also to accelerate recovery of cells exposed to oxidative stress. Importantly, KYP-2047 also reduced the toxicity of oxidative stress on α-syn overexpressing cells assayed by the LDH cell viability assay. This was not observed in non-overexpressing cells, suggesting that KYP-2047 reduced the α-syn based cell toxicity. Similarly to cells, a 5-day treatment with KYP-2047 significantly reduced in α-syn immunoreactivity and soluble protein levels in vivo.
It was shown both in cells and in vivo that these proteins were partially colocalized when aggregation had occurred, and the colocalization was abolished by the PREP inhibitor. The reduced colocalization may also be caused by the decreased amount of α-syn or PREP proteins, especially in the mouse brain. However, in the cellular experiments, although the oxidative stress reduced also the amount of PREP protein, KYP-2047 did not have an additional effect. Moreover, at least in cells, the reduction in colocalization was more pronounced than the reduction of high-molecularweight SDS-insoluble α-syn protein detected by WB. Therefore, it seems probable that colocalization disappears due to the effect of KYP-2047 rather than owing to the reduction in protein amounts. Moreover, in the non-stressed control cells only minor colocalization of PREP and α-syn was seen, and oxidative stress even reduced the amounts of soluble α-syn and SDS-soluble monomers of α-syn below the non-stressed cells. This further supports the hypothesis that the interaction of PREP and α-syn occurs only after oxidative stress has triggered the aggregation process, and PREP colocalizes with aggregated forms of α-syn. These results support previous in vitro observations by Brandt et al. (2008) where, under cell-free conditions, the α-syn aggregation was accelerated by PREP, an effect that was blocked by two different PREP inhibitors (Z-proprolinal and UAMC-21) or by mutation of the active site of PREP.
There are several phases in the α-syn aggregation process. It has been suggested earlier, based on cell-free in vitro experiments, that PREP acts in early phases of α-syn aggregation, possibly in the nucleation phase (Lambeir 2011) but the mechanism remained unknown. It may be proposed that PREP acts as a nucleation center, and therefore assists the aggregation process. Moreover, we hypothesize that when KYP-2047 binds to PREP, the aggregation process is slowed down, giving time for cellular housekeeping mechanisms, such as proteasomes and lysosomes (Chu et al., 2009; Lorenc-Koci et al., 2011) , to clear α-syn from the cells under the critical concentrations for aggregation (Wood et al., 1999) .
Since a PREP inhibitor accelerated the clearance of α-syn from the cells after the oxidative stress, and had potent effect on α-syn protein levels in old transgenic mouse, there are very probably some other mechanisms for PREP in α-syn aggregation process besides acting as a nucleation center. One possibility is that the PREP interaction with α-syn can interfere with the functions of aggresomes that are known to be the most effective in cleaning the α-syn aggregates (Opazo et al., 2008) . PREP inhibition could then abolish the interaction and thus increase the activity of aggresomes. Aggresomal processing of misfolding proteins is also a microtubule-dependent process, and localization of PREP along the microtubules supports this function (Schulz et al., 2005) . The effect of KYP-2047 on a number of stressed α-syn overexpressing cells, that is seen in immunohistochemistry, is very similar to aggresomal clearance reported earlier (Opazo et al., 2008) .
Eventually, the action of the PREP inhibitor leads also to a reduced number of aggregates, as shown by both WB and thioflavin S staining. PREP might also directly regulate the levels of α-syn protein by regulating gene expression, since recently Moreno-Baylach et al. (2011) reported that PREP and PREP inhibition can affect gene expression of various intracellular proteins. However, we did not see any changes in α-syn mRNA levels after PREP inhibition. According to our results, it is obvious that the active site or a specific active conformation of PREP is needed for the meaningful interaction of the two proteins. Further protein-protein interaction studies are obviously warranted.
Summarizing we conclude the following: 1) An incubation with KYP-2047 reduces the amount of high-molecular-weight SDS-insoluble α-syn oligomers in the α-syn overexpressing cells, and increases cell survival in the LDH assay. 2) Even a short-term treatment with KYP-2047 reduces the soluble α-syn in vivo. 3) PREP inhibitors are able to break the spatial interaction between PREP and α-syn in three different α-syn overexpressing cell lines and also in vivo. This is proposed to lead to a block of the α-syn aggregation process or to an enhancement of the α-syn clearance. Although these findings suggest that PREP may increase the α-syn aggregation via protein-protein interaction, the molecular mechanism remains unclear. The fast and significant effect of a short-term exposure to a PREP inhibitor on levels of α-syn and its aggregation may open new ways to develop a drug therapy for α-syn based Parkinson's disease. When α-syn overexpressing cells are exposed to Stress for 3 days with vehicle (Panels A-C), partial intracellular colocalization between αsyn (green) and PREP (magenta) is formed (white colour, white arrows). However, when 1 µM KYP-2047 is present (Stress 3d with KYP, Panels D-E), the colocalization disappears. Small picture panels in Panels A-E are magnifications from the larger picture, depicting the colocalization and its disappearance after KYP-2047 incubation. In non-stressed cells, only scarce colocalization between PREP and α-syn is seen (Control, Panels G-I). Cell line codes are as in Fig. 1 . Scale bars are 10 µm in large images and 1 µm in small picture panels. A clear effect of PREP inhibition (A30P KYP-2047) was seen on immunoreactive α-syn in various brain areas of A30P α-syn transgenic mice (Panels A-K; 0.05<P<0.001), and also in the whole-brain α-syn determined with Western blot (WB; Panels L-M; 0.05<P<0.01). The effect is accentuated in A30P mutated human α-syn by the IHC analysis (Panels J-K). Panels L-M are depicting α-syn detected by WB from KYP-2047 and vehicle (veh) exposed A30P α-syn transgenic mouse brain. Representative WB bands are presented in Fig. S6A-B Clear colocalization is seen both in striatum (panel A, Stri) and substantia nigra (panel C, SN) of vehicle (A30P veh) treated A30P α-syn transgenic mice while in KYP-2047 exposed animals the colocalization was not present (panels B, D). In the substantia nigra of wild-type (WT) mice very minor amounts of α-syn were seen (E). α-syn is visualized with fluorescein (green), PREP with Texas red (magenta) and nuclei with DAPI (blue). Pictures are merged and colocalization between α-syn and PREP is shown in white color (white arrows). Scale bars are 10 µm in all figures. Codes are similar to Fig. 6 .
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